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Agricultural systems are the primary contributor of non-point source nitrogen (N) and 
phosphorus (P) pollution to ground and surface waters in North America. It is imperative to 
understand the mechanisms responsible for nutrient transport from this land use leading to the 
eutrophication of surface waters and the hypoxic zone in the Gulf of Mexico. It is also vital to 
understand the effects of management practices in drained systems, as subsurface drains are 
important pathways connecting agricultural landscapes with water bodies. In this study, annual 
nutrient concentrations were obtained from literature and compiled into a major database to 
assess factors leading to nutrient loss through subsurface drainage systems. First, a literature 
review was conducted on over 400 drainage nutrient related studies, of which 79 were chosen to 
compile 1564 site-years of annual agricultural drainage N and P concentrations. Then, using this 
new Drain Concentration table in the MANAGE (Measured Annual loads from AGricultural 
Environments) database, the effects of common agricultural management factors (e.g. crop 
rotation, nutrient management, tillage) on annual drainage N and P drainage concentrations were 
analyzed. Across the database, there was a 69% probability that a site-year would exceed an 
annual nitrate (NO3-N) concentration of 10 mg N/L, the USEPA Maximum Contaminant Level 
(MCL) for drinking water, but only a 27% probability a reported site-year would exceed 0.0375 
mg dissolved reactive phosphorus (DRP)/L, which is a critical total P concentration to avoid for 
freshwater eutrophication. While a surprising number of reported annual means were arithmetic 
rather than flow-weighted averages (27 vs. 71%), reporting of arithmetic means in peer-reviewed 
literature has decreased over time. The highest annual flow-weighted mean NO3-N 
concentrations were from corn, corn and soybean grown within the same plot, and soybean 





shown not to be a significant predictor for annual average drainage DRP concentrations. On 
average, nitrogen application rates for corn below 75 kg N/ha did not reduce annual NO3-N 
concentrations compared to rates greater than 75 kg N/ha. There was no significant difference in 
annual drainage nitrate concentrations from site-years reporting a split nitrogen application 
versus site-years without a split nitrogen application. Stepwise regression using twenty-nine first 
and second order variables and two-way interactions was performed on NO3-N and DRP 
concentrations in corn site-years. Regression analysis of NO3-N concentrations had an overall 
model R2 of 0.59 (n=254). Based on partial R2’s, N application rate had the greatest effect on 
NO3-N concentrations (flow-weighted and arithmetic) in corn site-years followed by fertilizer 
timing, tillage type, the interaction between tillage and split N application, the interaction 
between tillage and annual drain discharge, and the method of fertilizer application. Regression 
analysis of DRP concentrations had an overall R2 of 0.94, and although the model was much less 
robust due to a very small sample size (n=47), fertilizer timing was most correlated with annual 
DRP concentrations. Findings indicate there is still much to be learned as to the effects of 
management practices on nutrient transport in artificially drained systems. The MANAGE 
database will continue to evolve and remain a resource for new exploratory efforts to better 
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CHAPTER 1: The MANAGE Drain Concentration database: A new tool compiling North 
American drainage nutrient concentrations  
 
1.1 INTRODUCTION 
Highly productive cropping systems rely on sufficient amounts of nitrogen (N) and phosphorus 
(P) to sustain plant growth. Such inputs, be it inorganic or organic, are generally required to 
supplement the soil’s natural ability to provide these nutrients. When these inputs are applied 
beyond crop requirements, they are the largest contributor to the alteration of global nitrogen (N) 
and phosphorus (P) cycles (Elser and Bennett, 2011, Galloway et al., 2003). Much of the N 
applied to agroecosystems is transferred along the N cascade to aquatic, atmospheric, and natural 
terrestrial ecosystems (Galloway et al., 2003). Nutrient pollution of ground and surface water 
through agricultural runoff and leaching is a major contributor to eutrophication leading to 
hypoxia in North America (Borah et al., 2006, Cherry et al., 2008). A prime example is the 
seasonal hypoxic zone in the Gulf of Mexico, which is fed by N and P loads transported via the 
Mississippi River, with the largest hypoxic zone ever recorded occurring in summer 2017 
(NOAA, 2017). It is estimated that 60% of the total N and 49% of the total P entering the Gulf of 
Mexico by way of the Mississippi River is sourced from agricultural areas in Mississippi River 
Basin states, where subsurface agricultural drainage is required for high crop productivity 
(USEPA, 2015). Managing agricultural systems to keep nutrients in the field and out of water is 
the key to reducing dead zones (Diaz and Rosenberg, 2008).  
 
Artificial subsurface drainage systems (colloquially, “tile drainage” systems) are essential for 
humid agricultural systems with poorly drained soils such as in the Midwest United States. In 
these areas, precipitation often exceeds evapotranspiration (King et al., 2014), saturating the soil, 





2008). Without artificial drainage, these fields would be too wet for farm machinery and excess 
soil moisture conditions could drastically reduce yields (Fausey et al., 1987, Smith et al., 2015). 
It is not a coincidence that the most extensive tile drainage networks in the United States 
coincide with the most productive agricultural regions (Smith and Pappas, 2007). 
 
The leaching of N, particularly nitrate, from agricultural systems is accelerated by subsurface 
drainage (Skaggs and van Schilfgaarde, 1999), while the primary transport mechanism for P is 
generally via surface runoff with P bound to eroding sediments (Eastman et al., 2010). However, 
soils with sandy subsoils, high organic matter content, and preferential flow paths can lead to 
significant P leaching through subsurface drainage (Sims et al., 1998). Precipitation, soil 
properties/hydrology, and topography are uncontrollable factors that play a major role the 
movement of nutrients through the soil profile and thus significantly influence agricultural 
nutrient loss. These factors combined with the duration, intensity, and quantity of precipitation 
determine the major route of nutrient transport. For example, P transport through surface runoff 
is prevalent during long, intense rain events where the rate of precipitation is greater than that of 
infiltration (Kleinman et al., 2006). Conversely, relatively more water infiltrates into the soil 
profile during low intensity events, promoting P transport into subsurface drainage systems 
especially through preferential flow paths (Simard et al., 2000). Small P loads lost from fields are 
often deemed inconsequential agronomically but they can have drastic impacts on water quality. 
Since low levels of P are required to sustain fresh water ecosystems (Correll, 1998), these small 







Nitrate leaching is heavily governed by the quantity of water infiltrated, which can be amplified 
by the presence of artificial subsurface drainage (Skaggs et al., 2005). Nitrogen loads can be 
substantial, and are a function of the concentration and volume of drain discharge. Lowering 
water tables with subsurface drainage ultimately increases N mineralization rates and drainage 
volume while reducing denitrification resulting in elevated N loads (Skaggs et al., 2005).  
Therefore, identifying management factors that minimize nutrient -- both N and P -- 
concentrations in drain discharge is required to reduce water quality impacts. 
 
The “Measured Annual Nutrient loads from AGricultural Environments” (MANAGE) database 
is a compilation of field-scale surface and subsurface N and P loads from agricultural landscapes 
across the United States and Canada (Christianson and Harmel, 2015a, Harmel et al., 2008). The 
MANAGE database is administered by the United States Department of Agriculture, 
Agricultural Research Service, Grassland Soil and Water Research Laboratory in Temple, TX 
(Christianson and Harmel, 2015a, Harmel et al., 2006, 2008, 2016), and has previously been 
published by the USDA National Agricultural Library as a database (Harmel et al., 2017). Past 
database components have included forest and agricultural landscape runoff and subsurface 
drainage N and P loads. Previous studies using data compiled in MANAGE have shown the 
relationship between agricultural management on drainage volume and N and P loads in 
subsurface drainage. However, high variability in the results of these previous research efforts 
was observed, in part due to differences in drainage discharge across site-years, hence there was 
a need to better quantify the effect of controllable and uncontrollable factors on subsurface N and 
P concentrations alone. The objectives of this study were to 1) update the MANAGE database to 





to better define the variability of N and P concentrations over time and space as well as identify 
the likelihood of water quality concerns.  
 
1.2 MATERIALS AND METHODS 
Between May and December 2017, a literature review of more than 400 agricultural drainage 
publications was done, of which 79 were deemed “acceptable” subsurface and surface drainage 
studies. Nutrient concentrations (both annual flow-weighted and annual arithmetic means), 
cropping system, crop yield, nutrient application, precipitation, and drainage data were recorded, 
although not all site-years contained all data fields. Literature was sourced from online literature 
search engines Web of Science and Google Scholar in addition to revisiting studies previously 
reviewed during creation of the MANAGE Drain Load database. The studies were sorted to meet 
criteria developed for the previously described MANAGE Database (Harmel et al., 2016). 
Acceptable literature must: 1) have been peer-reviewed; 2) be from studies performed in the 
United States or Canada; 3) contain at least one full year of data (multiple years were divided 
into separate “site-years”); 4) have a drainage area ≥0.009 ha; 5) represent “free drainage” 
treatments only; and 6) not be a rainfall simulation or lysimeter study. The two most frequent 
reasons for exclusion of a study from the new Drain Concentration database were international 
studies and lack of reported nutrient concentrations. The MANAGE Drain Concentration 
database was produced in the same format as the Drain Load database but for concentrations (in 
place of loads), and new data fields were added to record drainage flow rate and percent 
sand/silt/clay of a given site. Nitrogen concentration classifications included “dissolved 
nitrogen” (for any data not reported as a specific type of dissolved nitrogen), nitrate-N (NO3-N or 





concentration classifications were “dissolved P” (a catch-all for those not reporting a specific 
form of dissolved P and inorganic + organic P), dissolved organic P (DOP), dissolved reactive P 
(DRP, PO4-P, soluble P, orthophosphate, and molybdate reactive P), particulate P (PP), and total 
P (TP). Data Thief™ was used to obtain values for all data reported in figures only. All 
remaining data extraction steps and database development followed that of the previously 
described MANAGE Drain Load database (Christianson and Harmel, 2015a, 2015b).  
 
Once the Drain Concentration database was constructed, data analysis was restricted to 
subsurface drainage site-years (i.e., surface/ditch drainage data were excluded), with the 
exception of the soil textural triangle and site-years analyses. Medians of reported mean annual 
nutrient concentrations were used for spatial analysis maps due to extreme outliers skewing the 
state means of annual mean concentrations. Probability of exceedance for the nutrient 
concentrations was calculated with the Weibull formula, which creates unbiased exceedance 
probabilities for all distributions (Maidment, 1993). This was done by ranking concentrations in 
descending order with rank one as the highest concentration in the database for a given nutrient. 
These rankings were divided by the total number of concentrations plus one. This probability 
was then plotted against the corresponding concentration. 
 
1.3 RESULTS AND DISCUSSION 
1.3.1 The MANAGE Drain Concentration Database 
The new MANAGE Drain Concentration database contains 1564 nutrient concentration site-
years from 79 studies conducted in thirteen U.S. states and four Canadian provinces (figure 1.1; 





figure). This included 426, 120, and 373 dissolved reactive, particulate, and total P concentration 
site-years, respectively. The database also comprised 1107 and 137 nitrate and ammonium-N 
concentration site-years, respectively. Experimental sites contributing P site-years encompassed 
eleven of the thirteen states and three of the four Canadian provinces in the database, with 
Ontario providing the majority of P site-years (27%). Nitrate-N concentrations were sourced 
from sites in eleven states and three Canadian provinces with the majority of site-years from 
Iowa (42%). Dissolved organic P (DOP), dissolved P, particulate N, dissolved N, and total N 
comprised 57, 64, 3, 14, and 91 site-years, respectively. 
 
The MANAGE Drain Concentration database site-years spanned 1961 to 2013, but not all site-
years had both N and P concentrations or all forms of each nutrient. The majority (76%) of the 
Drain Concentration site-years were from 1990 to 2013 (figure 1.2). Annual flow-weighted mean 
concentrations made up 71%, and annual arithmetic means totaled 27% of the database (figure 
1.2). Twenty-eight site-years (2%) did not fall into the categories of either flow-weighted or 
arithmetic annual mean because only annual minimum and/or maximum nutrient values were 
recorded in the database (e.g., David et al., 1997, 2014, Fenelon and Moore, 1998, Woli et al., 
2010). The shift towards reporting flow-weighted means rather than arithmetic means (e.g., 
figure 1.2) seemed to reflect a change in water sampling technology over time, potentially away 
from grab sampling and towards methods allowing for more accurate flow and nutrient 
measurements. 
 
The mean field/plot size across all site-years was 2.86 ± 0.41 ha (median: 0.17 ha; range: 0.17-





annual precipitation was 880 ± 15 mm (median: 889 mm; range: 156-1799 mm; n=965), and 
mean annual drain discharge was 208 ± 12 mm (median: 173 mm; range: 0-2117 mm; n=868). 
Crop type was reported in 1329 (85%) site-years. The most prevalent crop was corn (Zea mays 
L.; also including white, seed, and silage corn; 56%), followed by soybean (Glycine max; 19%), 
alfalfa (Medicago sativa; 6%), corn/soybean grown in the same year and same plot (5%), and 
grass (i.e., prairie, pasture, grass mixture, permanent grass cover, and CRP; 4%). Twenty-three 
other crops made up the remaining 11% of site-years with no one crop exceeding 2%.  
 
The majority of site-years where percent sand, silt, and clay were reported were predominantly 
loam, silt loam, and clay loam soils, which corresponded with the majority of site-years being 
from the North American Corn Belt region (figure 1.3). However, the database also included 
sandier soils from Georgia (Endale et al., 2010), Nova Scotia (Kinley et al., 2007), Quebec 
(Beauchemin et al., 1998), and New Brunswick (Milburn et al., 1990) as well as some heavy clay 
Canadian soils (Beauchemin et al., 1998). 
 
1.3.2 Spatial Analysis of Nutrient Concentrations  
Medians of annual flow-weighted mean NO3-N concentrations in subsurface drainage by 
state/province ranged from 6.70 to 16.20 mg N/L (figure 1.1a). The highest median annual NO3-
N concentrations were from Illinois (16.20 mg N/L; n=105), Minnesota (12.46 mg N/L; n=34), 
New Brunswick (12.00 mg N/L; n=10), Iowa (11.80 mg N/L; n=460), and Indiana (11.65 mg 
N/L; n=138). These values all exceeded the United States Environmental Protection Agency’s 10 
mg NO3-N/L Maximum Contaminant Level (MCL) for nitrate in drinking water (USEPA, 2009). 





cropping systems (91% of their combined site-years). These landscapes share characteristics that 
generally correlate with high nitrate concentrations: they tend to be high in soil organic matter, 
are poorly drained requiring subsurface drainage, are dominated by corn and soybean cropping 
systems, and have humid/high rainfall conditions (Randall and Goss, 2001). New Brunswick had 
different cropping systems including potato, barley, and peas, but the relatively small sample size 
made extrapolating conclusions difficult (n=10). Ohio (6.7 mg N/L; n=15) and New York (6.75 
mg N/L; n=42) exhibited the lowest state-wide median NO3-N concentrations across the 
database’s flow-weighted site-years. Eighteen of the 42 New York site-years had an orchard 
grass crop with mean and median annual flow-weighted nitrate concentrations of 2.61 and 2.1 
mg NO3-N/L, respectively. This notably reduced the median nitrate concentration for New York, 
as the remainder of site-years from this state were cropped to corn (n=24) with a median 
concentration of 12.20 mg NO3-N/L. 
 
Medians by state/province of annual flow-weighted mean DRP concentrations in subsurface 
drainage ranged from 0.012 to 0.253 mg P/L (figure 1.1b). The highest state-based median DRP 
concentrations were from Minnesota (0.253 mg P/L; n=3), Ontario (0.200 mg P/L; n=55), 
Missouri (0.150 mg P/L; n=4), and Illinois (0.075 mg P/L; n=30), while the lowest were from 
New York (0.012 mg P/L; n=14) and Iowa (0.018 mg P/L; n=92). Minnesota, Ontario, Missouri, 
and Illinois statewide median DRP concentrations exceeded the 0.0375 mg TP/L threshold for 
TP recommended to limit algal growth in lakes and reservoirs in the Northern Great Plains and 
Corn Belt regions (USEPA, 2000). This is notable as these concentrations in the database were 
DRP, not TP. However, the concentrations from Minnesota and Missouri were likely not 





wide range of DRP concentrations (0.014 to 18.230 mg P/L) and crop selection, with onion site-
years contributing the province’s highest DRP concentrations. Onion site-years from Ontario 
ranged from 2.500 to 18.230 mg DRP/L (Miller, 1979), whereas all other Ontario site-years 
ranged from 0.014 to 5.550 mg DRP/L. Illinois site-years were primarily corn and soybean with 
relatively high P fertilizer application rates. Ten Illinois site-years reported applications greater 
than 60 kg P/ha with a maximum of 222 kg P/ha (Algoazany et al., 2007). Conversely, most 
Iowa site-years had P fertilizer rates less than 40 kg P/ha. In contrast to these results, site-years 
from New York, the state with the lowest median state-wide DRP concentration, all reported P 
application rates greater than 44 kg P/ha with a maximum of 280 kg P/ha. The largest P 
application rates came from six site-years using dairy manure, the other eight site-years using 
unspecified P sources. Whether this P was lost in surface runoff cannot be speculated because the 
method of P application (incorporated, injected, or surface applied) was not reported.    
 
When analyzed by specific study location, site location was significant for annual flow-weighted 
NO3-N concentrations (p<0.0001), flow-weighted DRP concentrations (p<0.0001), and 
arithmetic mean TP concentrations (p<0.0001) (data not shown). The highest individual annual 
NO3-N concentration was 70.4 mg N/L reported by Bakhsh et al. (2009) for a corn site-year in a 
corn-soybean rotation receiving a liquid swine manure application every year in Iowa. This 
particular year was a “wet year” (greater than average precipitation) following a “dry year” (less 
than average precipitation). Unfavorable growing conditions, such as a “dry” year, may leave 
residual N available for loss in subsequent years (Bakhsh et al., 2002, Gentry et al., 1998). The 
highest annual DRP concentration was 18.23 mg P/L reported from an onion site in Ontario with 





on the timing of grab samples that were taken from April to November.  The greatest annual TP 
concentration was 7.410 mg P/L reported by Zhang et al. (2015) from a corn year with a soil test 
P of 61.5 ppm and a P application rate of 65.3 kg P/ha. The remainder of this analysis focused on 
subsurface drainage nutrient concentrations only.  
 
1.3.3 Probability of Exceedance 
More than half (56%) of the nitrate site-years reported annual concentrations above 10 mg NO3-
N/L (across a simple count of both flow-weighted and arithmetic annual means). In terms of 
flow-weighted means alone, there was 69% probability that a given NO3-N site-year would 
exceed the MCL of 10 mg N/L (USEPA, 2009) (figure 1.4a). This probability of MCL 
exceedance was slightly higher than the approximately 55% and 50% exceedance probabilities 
reported by Logan et al. (1994) in soybean and corn years, respectively, for Ohio. These 
relatively high probabilities across the database (which was compiled from studies presumably 
testing recommended management practices) atones to the difficulty in minimizing NO3-N 
concentrations in subsurface drainage and the need for further research on additional strategies, 
including edge-of-field conservation drainage practices.  
 
There was a relatively low (27%) probability a given site-year in the database would contain 
DRP concentrations exceeding 0.0375 mg DRP/L (figure 1.4b), the recommended concentration 
of TP to not exceed for algal growth in lakes and reservoirs within the Corn Belt and Northern 
Great Plains (USEPA, 2000). This is compared to Illinois’ 0.050 mg TP/L recommendation for 
lakes and reservoirs larger than 8.1 ha (corresponding with a 25% probability of exceedance), 





probability), and Wisconsin’s 0.030 mg TP/L recommendation for drainage and stratified lakes 
(USEPA, 2014). Because the fraction of DRP in drainage water is highly variable, the 
probability of exceedance estimated here is likely underestimated. For example, King et al. 
(2015) reported more than 90% of all their measured tile drainage DRP and TP concentrations 
exceeded their recommended level of 0.03 mg P/L to avoid eutrophication. Extrapolating from 
their figure (using Data ThiefTM) using the slightly higher criterion of 0.0375 mg P/L yielded 
probabilities of exceedance between 80 and 90% for both DRP and TP.  This probability of 
exceedance for TP concentrations corresponded reasonably well with findings here of a 
probability of 86% for TP (figure 1.4c). Based on the probability of exceedance for this dataset, 
NO3-N and DRP concentrations across the database followed a normal Weibull distribution (R
2 
= 0.97 and 0.51 for NO3-N and DRP, respectively) while TP concentrations deviated likely due 
to a smaller sample size (R2 = 0.11). 
 
1.4 CONCLUSION 
The new MANAGE Drain Concentration database can be used to better inform the science 
community, state and federal agencies, and conservation and agricultural organizations about 
nutrient and drainage-related water quality impairments across North America. This work also 
identified the difficulty of addressing these concerns, as nutrient concentrations found in 
drainage water from agricultural systems were highly variable across spatial and temporal 
boundaries. Medians of annual flow-weighted mean NO3-N and DRP concentrations in 
subsurface drainage by state/province ranged from 6.70 to 16.20 mg N/L and 0.012 to 0.253 mg 
P/L, respectively, with both ranges extending above the recommended concentrations used to 





concentrations had a relatively high probability (69%) of exceeding the recommended drinking 
water standard. Some of the higher nitrate values in this range may have been due to differences 
in cropping system (e.g., 91% of Illinois, Minnesota, Iowa, and Indiana site-years were corn 
and/or soybean). More site-years than expected reported arithmetic annual averages as opposed 
to flow-weighted annual averages, which may have been due to a shift away from grab sampling 
and towards methods allowing for more accurate flow and nutrient measurements over the past 
decades. Looking forward, the MANAGE Drain Concentration data is a publicly available 
resource (https://www.ars.usda.gov/plains-area/temple-tx/grassland-soil-and-water-research-
laboratory/docs/manage-nutrient-loss-database/) aiming to support collective efforts to mitigate 
the transport of nutrients to ground and surface waters, and which in the future will be an 









Figure 1.1. Locations of MANAGE Drain Concentration database subsurface drainage for flow-weighted NO3-N (a) and Dissolved Reactive P (b) concentration site-years 






Figure 1.2. Number of site-years in the MANAGE Drain Concentration database by experimental year (i.e., not publication year) 






Figure 1.3. MANAGE Drain Concentration site-years by soil texture for site-years with a reported percent sand, silt, and clay. Dot 







Figure 1.4. Probability of exceedance for annual mean subsurface drainage NO3-N (a), DRP (b), and TP (c) concentrations 
compiled in the MANAGE Drain Concentration database overlaid with Weibull distributions (solid line). Vertical lines signify 
thresholds for the 10 mg N/L maximum allowable nitrate concentration in drinking water (USEPA, 2009) (a) and the 0.0375 mg 
P/L threshold for total P to limit algal growth in lakes and reservoirs for the Corn Belt and Northern Great Plains (USEPA, 2000) 
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CHAPTER 2: Analysis of the MANAGE Drain Concentration database to evaluate 
agricultural management effects on drainage nutrient concentrations  
 
2.1 INTRODUCTION 
Nutrient-related water quality impairments continue to increase due to increases in 
anthropogenically sourced nitrogen (N) and phosphorus (P) inputs from point and non-point 
sources, of which agriculture is a major contributor (Diaz and Rosenberg 2008, Galloway et al., 
2003). Nitrogen is responsible for eutrophication and hypoxia in coastal regions (Galloway, et 
al., 2003), while phosphorus is generally the limiting reactant in fresh water eutrophication 
(Rockwell et al., 2005, Schindler et al., 2008). Nitrogen and phosphorus movement in 
agroecosystems is complex due to numerous pathways that vary with changes in management 
practices, topography, and climate. The loss of these nutrients is exacerbated in subsurface 
drained (“tile drained”) landscapes. Subsurface drainage reduces overland flow while creating a 
new pathway for N and P transport, often directly to surface water sources (Ball Coelho et al., 
2012, King et al., 2015). In the Midwestern United States, subsurface drainage is heavily utilized 
for annual crop production, typically corn (Zea mays L.) and soybean (Glycine max) (Gentry et 
al., 2009). Due to the high productivity of these lands, heavy N and P inputs coupled with 
artificial drainage contribute vast amounts of nutrients to the hypoxic zone in the Gulf of 
Mexico. Therefore, a better understanding of major factors influencing subsurface drainage 
nutrient transport is needed to mitigate the negative water quality impacts of agricultural 
systems. 
 
Nutrient transport is affected by climate conditions which heavily influence crop water and 
nutrient uptake dynamics, in addition to controllable factors including crop management 





Es et al., 2006). Nitrogen losses from agricultural fields can occur due to volatilization or 
denitrification processes in soils, as well as downward movement of nitrate through the soil 
profile by leaching, particularly with subsurface drainage (Bakhsh et al., 2006). Phosphorus is 
primarily lost through surface runoff events, but it can also move through the soil profile due to 
accumulation and decreased adsorption resulting from long-term fertilization (Beauchemin et al., 
1998), leading to subsurface drainage P transport. Source, timing, placement, and rate of N and P 
inputs are important management criteria for keeping nutrients in the vadose zone where they 
can be utilized by plants, minimizing nutrient losses from agroecosystems. The 4R Nutrient 
Stewardship approach attempts to achieve the right fertilizer source applied at the right rate at the 
right time and place to aid in these efforts to reduce eutrophication and hypoxia while 
maintaining profitability for the farmer (The Fertilizer Institute, 2015). These types of efforts are 
particularly important in landscapes with subsurface drainage, where N and P losses are 
exacerbated by the artificially modified hydrology.  
 
The majority of reviews summarizing drainage N losses have focused on N and P loads which is 
a function of both drainage concentration and discharge, but closer inspection of drainage 
concentrations are necessary to more directly link management factors with water quality 
outcomes. Annual subsurface drainage NO3-N concentrations have been reported as high as 70.4 
mg N/L from a manure-fertilized corn and soybean rotation in Iowa (Bakhsh et al., 2009). 
Reported values of annual dissolved reactive phosphorus (DRP) have been as high as 18.2 mg 
P/L from an onion field in Ontario (Miller, 1979). Total P concentrations in subsurface drainage 
are highly variable but most often exceed the threshold for what is needed to accelerate 





significant differences for annual NO3-N concentrations in subsurface drainage from fertilizer 
source, rate, and timing treatments over a year-to-year interval. However, given a high degree of 
variability for annual results, these authors observed few significant differences among six-year 
averages. This atones to the difficulty in quantifying the contribution of fertilizer management 
practices to nutrient losses in any given year at any location. Due to the diversity of climate, 
crops, and management practices used across North America, much work is needed to determine 
the relationships between specific 4R fertilizer management practices and drainage nutrient 
concentrations reported in the peer-reviewed literature. While increasing momentum behind 4R 
nutrient stewardship for production agriculture in North America is promising, an analysis of the 
variability of nutrient concentrations across different agricultural contexts is a critical step in 
developing evidence-based management strategies (Eagle et al., 2017).  
 
The MANAGE database, administered by the United States Department of Agriculture, 
Agricultural Research Service, Grassland Soil and Water Research Laboratory in Temple, TX,  
was created to give a broad perspective of nutrient loss from drainage related studies performed 
across North America (Harmel et al., 2017). The MANAGE Drain Concentration component 
(Hertzberger et al., Under Review) was designed to specifically compile nutrient concentrations 
exiting agricultural environments via subsurface and surface drainage with the aim of bolstering 
past MANAGE studies that have described the link between agricultural management practices 
and N and P loads in runoff and subsurface drainage (Christianson and Harmel, 2015a, 2015b, 
Harmel et al., 2006, 2008, 2016). It is not only important to determine how management 
practices affect the total load of nutrient loss but also their impact on nutrient concentrations, as 





utilize the newly compiled MANAGE Drain Concentration database to assess the effects of 
important agricultural management factors (e.g. crop selection, fertilization, and tillage) on 
nutrient concentrations leading to non-point source pollution of surface waters. 
 
2.2 MATERIALS AND METHODS 
The present study is based on the MANAGE Drain Concentration database, previously described 
by Hertzberger et al. (Under Review). In brief, this database was created from a literature review 
performed between May and December 2016 of over 400 agricultural drainage publications. 
Literature site-years included must have been peer-reviewed, consist of field observation data 
from the United States or Canada, contain at least one full year of data, have a drainage area of at 
least 0.009 ha, be considered “free drainage”, and could not be from a rain simulation or 
lysimeter study. The completed Drain Concentration database consisted of 1564 N and P annual 
concentration site-years from 79 studies. The corresponding location, cropping system, nutrient 
application, soil properties, management practices, precipitation, and drainage information was 
recorded for each site-year when reported in the original publications. While a variety of N and P 
species of water quality concern were included in the database (see Hertzberger et al., Under 
Review), only nitrate-nitrogen (NO3-N) and dissolved reactive phosphorus (DRP) 
concentrations, and only subsurface drainage site-years (i.e., excluded surface/ditch drainage 
site-years), were included in the present analysis. 
 
Statistical analysis of categorical data was carried out with several different methods. Analysis of 
crop type versus NO3-N and DRP concentrations were performed by differentiating annual 





both cropping types and averaging methods using an approximate t-test (ɑ=0.05), which uses an 
approximate t-distribution and approximate standard errors to account for non-normality and 
heterogeneous variances. All fertilizer analyses were performed using only corn site-years, corn 
being the most prevalent crop in the database. For analysis of the 4R management N rate 
practice, data were grouped into four N application rate categories based on practical breakpoints 
commonly used in corn-cropping systems research: 0-74, 75-149, 150-224, and >224 kg N/ha. 
Fertilizer application timings were classified as out of season (> 2 months before planting), pre-
plant (2 months to one week before planting), at-planting (within one week of planting), and side 
dress (> one week after planting), consistent with previous nutrient management studies 
performed with MANAGE data (Christianson et al., 2016). Fertilizer application methods were 
classified as incorporated, injected, or surface applied. Because up to two formulations of 
fertilizer with associated timings and placement methods could be reported for a given site-year, 
the timing and method considered representative for the site-year (and used for the analyses) was 
that of which corresponded to more than 50% of the total application rate in that site-year based 
on information from the original publication. For fertilizer-related analyses, assessment of flow-
weighted NO3-N concentrations was restricted to site-years where N or N+P applications 
occurred. To assess flow-weighted DRP concentrations, site-years with only N+P applications 
were used (there were no corn site-years with only P applications reported). Analysis of tillage 
data included all site-years reporting tillage type, annual precipitation, drainage discharge, and 
either annual flow-weighted NO3-N or DRP concentrations. Annual arithmetic mean values were 
excluded from all analyses besides the cropping and stepwise regression analyses due to small 
sample sizes and/or large variances. Most data did not meet normality and homogeneity of 





application rate and split-nitrogen datasets, which fulfilled the assumption of normality but not 
homogeneity of variances, were analyzed using the proc mixed procedure (although proc 
glimmix is also capable of performing mixed models).  
 
Models for flow-weighted NO3-N and DRP concentrations in corn site-years were created using 
stepwise regression, which employed both forward and backward addition and elimination of 
terms, to identify factors across the database that had the greatest influence on subsurface 
drainage concentrations. Twenty-nine first and second order variables and two-way interactions 
were used in the stepwise approach, and were deemed fixed effects. Observations were drawn 
randomly from the database to account for any within-study variance, and residual plots showed 
data were normally distributed with constant variance. Classifications for the regression of 
annual NO3-N concentration were as follows: N application rate (kg N/ha); fertilizer timing was 
“binned” into before planting (including out of season and pre-plant applications) and otherwise 
(at-plant and side dress applications); tillage was binned into conventional and otherwise (no-till 
and conservation); and fertilizer method was binned into injected and otherwise (incorporated 
and surface applied). Classifications for the regression of annual DRP concentrations were as 
follows: fertilizer timing was divided into before planting (included out of season and pre-plant 
applications) and otherwise; fertilizer method of application was divided into surface applied and 
otherwise (incorporated and injected); and annual drain discharge (mm/yr). Classifications were 
binned based on similarity of practices (e.g., no-till and conservation tillage reduce soil 
disturbance compared to conventional tillage; out of season and pre-plant applications occur 
before planting compared to at-plant and side dress applications) or to isolate a more common 





2.3 RESULTS AND DISCUSSION 
2.3.1 Cropping Systems 
The highest annual flow-weighted mean NO3-N concentrations compiled in the MANAGE Drain 
Concentration database were from corn (Zea mays L.), corn and soybean (Glycine max) grown 
within the same plot, and soybean (cropping means: 13.98, 13.53, and 12.09 mg N/L, 
respectively, figure 2.1). These NO3-N concentrations were not significantly higher than alfalfa 
(Medicago sativa), but were significantly higher than grass (8.23 and 2.26 mg N/L, respectively), 
which was defined in the database as prairie, pasture, grass mixture, permanent grass cover, and 
Conservation Reserve Program (CRP). Annual arithmetic NO3-N concentrations followed a 
relatively similar trend with corn (14.83 mg N/L) and soybean (14.33 mg N/L) having 
significantly higher annual arithmetic mean concentrations than alfalfa (1.79 mg N/L) and grass 
(1.98 mg N/L) (figure 2.1). Annual crop site-years averaged greater than 10 mg N/L, the USEPA 
established Maximum Contaminant Level (MCL) for drinking water, while perennial site-years 
averaged lower (USEPA, 2009). Perennials like alfalfa or grasses can have an active root system 
which supports nitrogen uptake and recycling for longer periods of the year, while also requiring 
lower N and P fertilizer inputs than annual crops. The water holding capacity of perennial crop 
systems is also generally greater than that of annual crops. This may retard flushes of nutrients 
through subsurface drainage during large precipitation events, keeping them in the vadose zone 
where they can be utilized by plants and microorganisms (Randall et al., 1997). Bolton et al. 
(1970) found the greatest N concentrations and loads came from fields growing corn, whether 
continuously or in rotation, compared to bluegrass, oats, and alfalfa. More recently, Daigh et al. 
(2015) found in all years of their experiment, flow-weighted NO3-N concentrations in both 





corn and corn-soybean rotations. Similarly, when rotations including corn, oats, and hay 
fertilized with manure were converted to a conventional corn-soybean rotation fertilized with 
anhydrous ammonia, NO3-N concentrations were 2 to 10 times higher than they were previously 
(Goldstein et al., 1998). It is well established that nitrate-N losses in subsurface drainage from 
annual cropping systems can be greater than in perennial cropping systems (Tomer and Liebman, 
2014).  Results from the present study demonstrate this further specifically for NO3-N 
concentrations in North America.  
 
Flow-weighted versus arithmetic NO3-N means for a given crop were not significantly different 
from each other for any crop (e.g., flow-weighted versus arithmetic means for corn: 13.98 versus 
14.83 mg N/L). However, arithmetic mean annual NO3-N concentration distributions for corn 
and soybean were noticeably wider than their flow-weighted counterparts. This may suggest that 
sample collection methods that do not support flow-weighting may not be as precise as those 
used in flow-weighted calculations, or perhaps could be related to the relatively smaller sample 
sizes for the arithmetic means reported in the database (e.g., flow-weighted versus arithmetic 
NO3-N site-years for soybean: 193 versus 12). Annual mean NO3-N concentration distributions 
for annual cropping systems were larger than that of perennial cropping systems, although this 
was also slightly confounded by the relatively smaller sample sizes for perennials in the database 
(figure 2.1).  
 
Annual flow-weighted DRP concentrations for corn, soybean, alfalfa, and grass site-years 
compiled in the MANGE Drain Concentration database were not significantly different with 





that cropping system was a relatively less important factor for the movement of DRP to 
subsurface drainage systems compared to NO3-N. Likewise, Daigh et al. (2015) found no 
difference in flow-weighted total reactive phosphorus concentrations among continuous corn, 
corn-soybean rotation, and both fertilized and unfertilized prairie systems. However, crop type 
may have an effect on the species of P in subsurface drainage. Zhang et al. (2015a) found 
particulate P was the dominant form of P under long-term fertilized continuous corn and a four-
year rotation of corn, oats, and two years of alfalfa, while in long-term fertilized corn-soybean 
rotations dissolved P was the dominant form. While drainage particulate and total P 
concentrations were also compiled in the MANAGE Drain Concentration database, the sample 
populations were too small to analyze across crop types. There were no significant differences 
between flow-weighted and arithmetic DRP means for the same crop across the database (e.g., 
corn flow-weighted versus arithmetic means were 0.199 versus 0.160 mg P/L, respectively; 
α=0.05).  
 
2.3.2 Nutrient Management 
Thirty percent of total site-years (473 of 1564) reported all 4R nutrient management information 
(source, placement, timing, and rate) for either N or P. When considering only individual 4R 
practices, application rate was the most commonly reported with 1225 (815 N and 410 P rates 
reported) site-years followed by source, timing, and placement/method (table 2.1). Nitrogen 
application rates were “binned” to represent realistic breakpoints commonly used in corn 
cropping systems research. The distribution of nitrogen application rates compiled across the 
database varied by grouping with the 0-74 kg N/ha having the widest range and the >224 kg 





larger annual flow-weighted NO3-N concentrations with the 0-74, 75-149, 150-224, and >224 kg 
N/ha application groups, resulting in mean annual flow-weighted NO3-N concentrations of 
13.59, 12.01, 14.40, and 19.20 mg N/L, respectively (figure 2.3b). Similar findings have 
previously been documented in Iowa with Helmers et al. (2012) reporting an increase in N 
application rate to corn contributing to higher NO3-N concentrations in subsurface drainage. 
Lawlor et al. (2011) found reductions in subsurface NO3-N concentrations with reduced N 
application rates applied at the same time regardless of fertilizer source over a four-year period 
(spring 252 kg N/ha aqua-ammonia>spring 218 kg N/ha manure>spring 168 kg N/ha aqua-
ammonia). While the three highest N application rate categories exhibited significant increasing 
flow-weighted concentrations, only the highest category was significantly larger than the 0-74 kg 
N/ha category which had relatively high median and mean values (> 10 mg/L). These results 
highlight the important point that a low N application rate does not necessarily equate with 
improved water quality. Increasing N application rate generally resulted in increased corn yield, 
with the two highest categories having significantly greater yields than lower N application rates 
(figure 2.3c). As generally observed, yields plateaued at high rates, and N application rate 
categories of 150-224 and >224 kg N/ha were not significantly different with means of 8.7 and 
9.2 Mg/ha, respectively. Similar results have been noted in the literature, with Helmers et al. 
(2012) reporting no difference in continuous corn yields at application rates of 168 versus 224 kg 
N/ha. An integrated interpretation of these data across N rate, drainage N concentration, and corn 
yield (i.e., figure 2.3a, b, and c) suggests that low N application rates may lead to N-deficient 
corn and poor yields, potentially resulting in lower crop N uptake, and leaving a relatively 






Across the Drain Concentration database, annual flow-weighted mean NO3-N concentrations 
from site-years with split-N applications were not significantly different from non-split 
application site-years (13.70 versus 12.72 mg N/L, respectively; p=0.2045; data not shown). 
These results suggested that split-N applications are not essential in reducing NO3-N leaching. 
Similarly, Jaynes and Colvin (2006) found consistent NO3-N concentrations above 10 mg N/L 
for three different rates of N applied at post-emergence and another treatment of split post-
emergence N application (post-emergence coupled with midseason applications) in corn. In 
addition, Kanwar et al. (1988) found significantly higher NO3-N concentrations resulting from a 
split-N application at 125 kg N/ha than a single N application at 175 kg N/ha under a no-till 
system.  
 
For the fertilizer timing analysis, flow-weighted NO3-N concentrations were compiled when a 
given site-year reported either N-only applications or a combined N and P source. Dissolved P 
concentrations were compiled for analysis of fertilizer timing only when a site year reported a 
combined N+P nutrient application; in other words, there were no corn site-years with P 
application only. Out of season and pre-plant fertilizer timings showed significantly greater corn 
yields (10.2 and 9.6 Mg/ha, respectively) compared to side dress and at-plant timings (8.1 and 
6.8 Mg/ha respectively) (table 2.2). This was also the case for annual flow-weighted NO3-N 
concentrations, with out of season and pre-plant concentration means of 15.83 and 15.74 mg 
N/L, respectively, and side dress and at-plant concentrations of 13.11 and 11.97 mg N/L, 
respectively (table 2.2). The higher NO3-N concentrations corresponded with N application 
timings that were the most out of sync with crop growth. Likewise, Mitchell et al. (2000) 





subsurface drainage compared to side dress applications, and Gentry et al. (1998) observed 
greater drainage NO3-N concentrations from fall versus spring applied N in corn cropping 
systems in Illinois. However, Lawlor et al. (2011) found no difference in leached NO3-N 
concentrations between fall and spring applied N regardless of fertilizer source. Here, it should 
also be noted that N application rates were significantly greater for the pre-plant treatment versus 
the other treatments, thus the timing analysis was confounded with an N rate factor. The 
difference in previous literature regarding the impact of N application timing upon drainage N 
concentrations, and the timing x rate complication observed here, highlights the variability of N 
management impacts on drainage N loss, and confirms an important call for additional 
coordinated field research on this subject (Eagle et al. 2017). At-planting timing of N and P 
combined sources displayed a significantly higher annual flow-weighted DRP concentration 
(0.448 mg P/L) than out of season and pre-plant timings (0.089 and 0.190 mg P/L, respectively), 
but this difference was likely due to the extremely small sample size of reported at-plant site-
years, the four of which were all sourced from the same research site (Zhang et al. 2015b) , thus 
results should not be generalized (table 2.2). 
 
Incorporation of N and/or P resulted in the highest corn yield (11.2 Mg/ha) compared to injected 
and surface applied methods (8.3 and 4.8 Mg/ha, respectively), despite N and P application rates 
not significantly different between application methods (table 2.3). Vetsch and Randall (2000) 
found injecting urea ammonium nitrate (UAN) at V1/V2 increased corn yield in both continuous 
corn and corn-soybean rotations as opposed to a pre-plant broadcasting of UAN. Likewise, 
Mengel et al. (1982) reported injected anhydrous ammonia and UAN resulted in greater corn 





in significantly greater NO3-N concentrations than surface application (table 2.3), this may have 
been due to the confounding effect of application timing. Injected and incorporated fertilizer 
applications tend to occur out of season and pre-plant while surface applied fertilizer is most 
often done in season, either at-planting or as a side dress application. Indeed, for the 31 surface 
application site-years with a reported NO3-N concentration and fertilizer timing (table 2.3), the 
majority were applied at-plant or within-season (74% of 31 site-years: 14 and 9 site-years were 
side dress or at-planting, respectively). Moreover, 39 of 54 incorporated and 161 of 290 injected 
site-years which reported a fertilizer timing, 72 and 56%, respectively, applied N fertilizer out of 
season (i.e., either as out of season or pre-plant for incorporated and injected site-years). 
Investigating further into this N application method x timing interaction, the mean annual NO3-N 
concentration for injected fertilization before planting (out of season and pre-plant: 16.23 mg 
N/L, n = 161) was significantly higher than injected fertilizer applied in season (at-planting and 
side dress: 12.55 mg N/L, n = 129) (data not shown), supporting the results from the fertilizer 
timing analysis (table 2.2). The mean annual flow-weighted NO3-N concentration for surface 
applied fertilizers done as a side dress (15.16 mg N/L, n = 24) was significantly higher than that 
of non-side dress, surface applied years (out of season, pre-plant, and at-planting: 6.29 mg N/L, n 
= 39). While this may somewhat confound recommendations that side-dressing N applications 
can help reduce N loss in drainage, this analysis cannot address the actual N load in subsurface 
drainage, which of course would depend upon the water balance at different times of the growing 
season. Incorporated fertilization before planting did not result in significantly different annual 







Dissolved P concentrations in subsurface drainage from injected applications were significantly 
greater than for incorporated and surface applied, but this analysis was subject to very small 
sample sizes as seen for the fertilizer timing analysis (table 2.3). Surface applied P typically 
generates greater P losses in subsurface drainage than incorporated P (King et al., 2015). 
Adversely, injected P fertilizer has less contact time with the soil than incorporated and thus 
suffers from a lack of soil adsorption (King et al., 2015). It should also be noted that incorporated 
and injected fertilizers are less prone to transport from surface runoff events than surface applied 
P (Klatt et al., 2003). 
 
Organic P sources (e.g., manures, litter) were applied at significantly greater rates than inorganic 
P sources (83.9 vs. 26.6 kg P/ha; figure 2.4a), which was also a finding from the MANAGE 
Drain Load database (Christianson et al., 2016). The large application rates for organic P sources 
may be a result of manure applications calculated to supply a specific amount of N without 
considering the P rate. For instance, Nguyen et al. (2013) used poultry manure, known to be high 
in phosphorus content, to supply upwards of 326 kg N/ha. This resulted in P applications as high 
as 472 kg P/ha. Moreover, Hoover et al. (2015) identified the difficulty of hitting target P 
application rates because of the high variability in poultry manure nutrient content. Greater 
organic P application rates may have translated to increased corn yield (11.1 vs. 8.1 Mg/ha; 
figure 2.4b), however, this yield increase may have also resulted from other macro- or micro-
nutrients found in organic fertilizer sources that are not inherently supplied with inorganic P 
sources, or other indirect improvements in soil quality such as the potential for improved water 
holding capacity. There was no significant difference in annual flow-weighted DRP or arithmetic 





that higher P leaching from the soil profile than from the topsoil may happen in some subsoils 
that are naturally enriched with P or from fields that obtain frequent inputs of manure. Therefore, 
these concentrations are likely not only confounded with fertilizer source, but other factors such 
as fertilizer timing, placement, and soil composition.  
 
2.3.3 Tillage 
Fifty-nine percent (n=922) of the total site-years reported a tillage factor of either conventional 
(tillage practices that leave <15% residue cover; n=591), conservation (tillage practices leaving 
>30% residue cover; n=194), or no-till (n=137) (Baker, 2011). Annual precipitation was not 
significantly different between tillage types in the database, which was not surprising as 84% of 
the tillage-reporting site-years were from Iowa. The mean annual precipitation values across 
tillage types corresponded reasonably well with the long-term annual average from that state 
(807-847 versus 881 mm; NOAA, 2010) (table 2.4). Conventional tillage had significantly 
greater annual drain discharge (237 mm/yr) than conservation tillage and no-till (154 and 176 
mm/yr, respectively), which was also true for the fraction of precipitation occurring as drainage 
(29, 19 and 20%, respectively; table 2.4). Drury et al. (1993) found greater subsurface drainage 
volume occurred under conventional tillage than conservation and no-till treatments in a corn 
cropping system. Annual flow-weighted NO3-N concentrations were significantly higher for 
conservation tillage (16.09 mg N/L) followed by conventional (13.78 mg N/L), and no-till (10.09 
mg N/L). Similarly, a corn cropping system from Ontario produced greater flow-weighted NO3-
N concentrations under conventional tillage than in no-till (Drury et al., 1993). A recent tillage 
meta-analysis reported greater NO3-N concentrations in leachate from conventional tillage 





years, in soybeans, and in unfertilized fields, but overall reported similar concentrations between 
the two tillage types (Daryanto et al., 2017). There is clearly variability across the literature, as 
Bjorneberg et al. (1996) observed greater subsurface drainage NO3-N concentrations from plots 
that were moldboard and chisel plowed than from ridge and no-till plots. Moldboard plowing is a 
form of conventional tillage while chisel and ridge plowing are forms of conservation tillage, 
with chisel plowing leaving less residue on the surface than ridge plowing (Baker, 2011). Annual 
flow-weighted DRP concentrations did not follow the same trend. Conventional and no-till site-
years were not significantly different from each other (0.190 and 0.082 mg P/L, respectively), 
but were significantly higher than conservation tillage (0.019 mg P/L) (table 2.4). Again, deeper 
analysis of DRP results was limited by relatively low site-year counts in the database. 
 
2.3.4 Drainage Nutrient Concentration Regression Modelling 
Stepwise regression analysis indicated the most important factors contributing to the variability 
of NO3-N and DRP concentrations across the database. The following model was derived for 
annual NO3-N concentrations (both flow-weighted and arithmetic; n=254): 
Equation 2.1. 
NO3-N = 5.54955 + 0.000186X2i1 + 3.2862Xi2 + 4.09706Xi3 + 2.25987Xi4 – 0.01634Xi5 + 2.88133Xi6 
 
Where Xi1= nitrogen application rate (kg/ha); Xi2=1 if out of season or pre-plant fertilization 
timing and 0 if otherwise; Xi3=1 if conventionally tilled and 0 if otherwise; Xi4=1 if 
conventionally tilled with a split-N application and 0 if otherwise; Xi5= drain discharge (mm/yr) 







While the overall model had a R2 of 0.59 (table 2.5; figure 2.5), based on partial R2’s, the square 
of the N application rate (kg N/ha) had the greatest effect on annual mean NO3-N concentrations 
in corn site-years followed by fertilizer timing, tillage type, the interaction between tillage and 
split-N application, the interaction between tillage and annual drain discharge, and the method of 
fertilizer application (table 2.5). Predicted NO3-N concentrations were more variable at high-
observed concentrations (i.e., reported site-year concentrations) most likely due to a thinner 
distribution of data points as concentrations increased (figure 2.5). Nevertheless, the majority of 
all data points used for the model were above the EPA MCL for nitrate-N in drinking water. The 
variance inflation factors (VIF) of <10 suggested there were no multicollinearity issues between 
factors (i.e., multiple predictor variables were not explaining the same variability within the data 
resulting in an overfitted model). The most significant results from the model corroborated other 
results in that increased nitrogen application rate (Fig. 2.3b) and out of season and pre-plant 
fertilizer timings (Table 2.2) increased annual NO3-N concentrations. Split-nitrogen application 
increased annual NO3-N concentrations, but only in conventionally tilled corn. Physically, this 
may be explained by the ability of conventional tillage to increase N mineralization rates (Dinnes 
et al., 2002) coupled with the reduction of carbon to nitrogen ratios after each N application. 
Lastly, according to the model, larger drain discharges decreased NO3-N concentrations in site-
years where conventional tillage was used (table 2.5), possibly from dilution effects and the 
relatively poorer  water retention of conventionally tilled soils (Dinnes et al., 2002).  
 
Regression analysis was less robust for annual DRP concentrations (n=47) although the overall 
model R2 was 0.94 (table 2.6). The following model was developed for annual DRP 






ln(DRP) = -0.47402 – 3.24351Xi1 + 2.65095Xi2 – 0.00164Xi3 
 
Where Xi1= 1 if out of season or pre-plant fertilization timing and 0 if otherwise; Xi2= 1 if 
fertilizer was surface applied and 0 if otherwise; and Xi3= annual drain discharge (mm/yr). 
 
Fertilizer timing was most correlated with annual DRP concentrations in corn site-years followed 
by fertilizer method of application and annual drainage discharge (table 2.6). Earlier analysis of 
fertilizer timing was significant, albeit suffered from low sample sizes. Considering where 
sample sizes were at least ten site-years or more, out of season applications yielded lower annual 
DRP concentrations compared to pre-plant applications (table 2.2). This was corroborated and 
reflected in the negative slope for fertilizer timing in the model (-3.24351, eq. 2.2). The 
importance of the different nutrient application timings for the NO3-N versus the DRP models 
was notable. Before planting applications of N (e.g., out of season and pre-plant) extends the 
amount of time in which applied nitrogen can be translocated out of the root zone resulting in 
elevated drainage N concentrations. Conversely, pre-plant or within spring-time P applications 
are more susceptible to intense precipitation events which may potentially exacerbate P 
movement through the soil profile.   
 
The model reflected an increase in DRP concentration with surface application of nutrients 
compared to incorporated or injected, which contradicted previous fertilizer method analysis that 
showed injected applications contributed the largest DRP concentrations (table 2.3). This 
contradiction was because of the few injected site-years included in the model (n=3) compared to 
incorporated method of application (n=14), which had the lowest annual DRP concentration 





within the model (slope= -0.00164, eq. 2.2), possibly reflecting dilution of concentrations within 
observed drainage discharge. 
 
2.4 CONCLUSION 
This analysis of drainage nutrient concentration data in the MANAGE Drain Concentration 
database further established several key links between in-field management and the fate of 
nutrients in agricultural systems. Cropping system exhibited a strong impact on annual drainage 
NO3-N concentrations, with annual crop site-years averaging greater than 10 mg N/L, the 
USEPA established MCL for drinking water, while perennial site-years averaged lower. 
Conversely, annual flow-weighted DRP concentrations for corn, soybean, and alfalfa site-years 
were not significantly different from each other which indicated that cropping system was a 
relatively less important factor for the movement of DRP to subsurface drainage systems 
compared to the movement of NO3-N. 
 
Increasing N application rates to corn generally increased the subsurface drainage water NO3-N 
concentration, a finding that was corroborated with modeling across the database for corn-site 
years. Within the model, the N application rate had the greatest effect on NO3-N concentration in 
corn site-years followed by fertilizer timing. However, N rates much below typical on-farm 
practice or university recommendation (0-74 kg N/ha) did not result in significantly lower NO3-
N concentrations compared to higher N rate categories up to 224 kg N/ha. This suggested that 
simply drastically reducing N fertilizer rates in corn-based cropping systems will not be 






In terms of N application timing for corn, while the two N timings which were most out of sync 
with crop growth (out of season and pre-plant) resulted in the greatest subsurface drainage NO3-
N concentrations, these two timings also had the greatest N application rate across the database, 
greatly complicating this assessment. There was no significant difference in NO3-N 
concentrations from site-years reporting split-N applications versus years not reporting a split-N 
application. Given the increasing emphasis on split-N applications for meeting nutrient loss 
reduction goals, these findings indicate additional field studies are needed to determine its 
effectiveness as a recommended 4R practice. In terms of P application timing, modeling 
indicated this was the most significant 4R factor for DRP loss in drainage during corn site-years, 
although this analysis was limited by small sample sizes. The MANAGE Drain Concentration 
database is publicly available (https://www.ars.usda.gov/plains-area/temple-tx/grassland-soil-
and-water-research-laboratory/docs/manage-nutrient-loss-database/) and should continue to be 
used by the science community, state and federal agencies, and conservation and agricultural 









2.5 FIGURES AND TABLES 
Figures 
 
Figure 2.1. Annual flow-weighted and arithmetic mean NO3-N concentrations by crop type compared across the MANAGE Drain Concentration database. Lower and upper case 
letters represent statistical analysis for flow-weighted and arithmetic concentrations, respectively. Boxes with the same letter for a given averaging type are not significantly 
different at ɑ= 0.05 (e.g., comparing flow-weighted concentrations for corn vs. soybean vs. alfalfa, etc.). Boxes encompass the 25th and 75th percentiles, stems encompass the 
10th and 90th percentiles, dots encompass the 5th and 95th percentiles, the horizontal line is the median concentration, and the diamond is the mean concentration. There were 






Figure 2.2 Annual flow-weighted and arithmetic mean DRP concentrations by crop type compared across the MANAGE Drain 
Concentration database (note log-scale y-axis). Lower and upper case letters represent statistical analysis for flow-weighted and 
arithmetic concentrations, respectively. Boxes with the same letter for a given averaging type are not significantly different at 
ɑ= 0.05 (e.g., comparing flow-weighted concentrations for corn vs. soybean vs. alfalfa, etc.). Boxes encompass the 25th and 75th 
percentiles, stems encompass the 10th and 90th percentiles, dots encompass the 5th and 95th percentiles, the horizontal line is 
the median concentration, and the diamond is the mean concentration. There were no significant differences between averaging 






Figure 2.3. Grouped nitrogen application rates (kg N/ha) compared across individual N application rate (kg N/ha) (a), annual 
flow-weighted NO3-N concentration (mg N/L) (b), and corn yield (Mg/ha) (c). Data reflects subsurface drainage and corn years 
only. Means with the same letter are not significantly different (α=0.05). Boxes encompass the 25th and 75th percentiles, stems 
encompass the 10th and 90th percentiles, dots encompass the 5th and 95th percentiles, the horizontal line is the median 






Figure 2.4. Organic vs. inorganic phosphorus fertilizer sources compared across P application rate (kg P/ha) [a], corn yield (Mg/ha) [b], annual flow-weighted DRP (mg P/L) 
[c], and annual arithmetic mean TP (mg P/L) [d]. Means with the same letters are not significantly different (α=0.05). Boxes encompass the 25th and 75th percentiles, stems 








Figure 2.5. Observed annual NO3-N concentrations from the MANAGE Drain Concentration database vs. model predicted annual 
NO3-N concentrations. Horizontal line represents the USEPA maximum contaminant load of 10 mg N/L for drinking water, solid 





















Table 2.1. Counts of MANAGE Drain Concentration database site-years with 4R management (applying the right source, placement, timing, and rate) and crop yield details 
reported. 
Nutrient Applied n Source Method Timing N Rate P Rate Split-N Split-P Crop Yield 
N Only 399 294 245 274 387 - 61 - 231 
P Only 31 17 5 8 - 29 - 0 6 
N and P 573 510 337 461 428 381 169 48 204 
Not Specified 6 - 0 6 0 0 0 0 6 




























Table 2.2. Fertilizer timing vs. mean N or P application rate (kg/ha), corn yield (timings corresponding to N application) (Mg/ha), flow-weighted NO3-N (mg N/L), and flow-
weighted DRP (mg P/L) concentrations complied across the MANAGE Drain Concentration database. Numbers in parentheses represent sample size. Within a column, 
means with the same letter are not significantly different (α=0.05). 
Fertilizer Application 
Timing 
N App. Rate  P App. Rate  Corn Yield *NO₃-N Conc.  **DRP Conc. 
(kg N/ha) (kg P/ha) (Mg/ha) (mg N/L) (mg P/L) 
Out of Season, > 2 
months before plant 
177 (80) b 60 (10) a 10.2 (51) a 15.83 (94) a 0.089 (10) c 
Pre-Plant, 2 months-
1 week before plant 
192 (174) a 34 (26) b 9.6 (108) a 15.74 (183) a 0.190 (30) b 
At Planting, within 1 
week of plant 
140 (66) c 65 (4) a 6.8 (64) c 11.97 (66) b 0.448 (4) a 
Side/Top Dress, > 1 
week after plant 
165 (130) b NA (0) 8.1 (99) b 13.11 (130) b NA (0) 
* Data from N or N+P nutrient sources 





























Table 2.3. Fertilizer application method for combined N and P sources vs. corn yield* (timings corresponding to N application) (Mg/ha), flow-weighted NO3-N* (mg/L), and flow-




N App. Rate              
(kg N/ha) 
P App. Rate             
(kg P/ha) 
Corn Yield       
(Mg/ha) 
*NO₃-N Conc.           
(mg N/L) 
**DRP Conc.               
(mg P/L) 
Incorporated 182 (39) a 43 (14) a 11.2 (53) a 14.17 (57) a 0.019 (14) b 
Injected 164 (326) a 40 (3) a 8.3 (230) b 14.08 (329) a 0.253 (3) a 
Surface Applied 164 (29) a 39 (18) a 4.8 (19) c 10.29 (31) b 0.020 (22) b 
* Data from N or N+P nutrient sources 



























Table 2.4. Tillage type versus annual precipitation (mm), annual subsurface drainage (mm), drainage: precipitation ratio, maximum flow rate (m3/s), annual flow-weighted 
NO3-N concentration (mg N/L), and annual flow-weighted DRP concentration (mg P/L). Numbers in parentheses represent sample size. Within a column, means with the 
same letters are not significantly different at α=0.05.Tillage types defined as “conventional” included tillage practices that leave <15% residue cover and “conservation” 

















Conventional 807 (333) a 237 (335) a 0.29 (333) a 0.015 (23) a 13.78 (412) b 0.190 (92) a 
Conservation 810 (126) a 154 (152) b 0.19 (126) b 0.007 (38) b 16.09 (187) a 0.019 (20) b 



























Table 2.5. Annual NO3-N concentration (both flow-weighted and arithmetic annual means) regression parameters for corn-only site years in the MANAGE Drain 
Concentration database (n=254). P-values were significant at α=0.05, partial R2 is part of the total R2 of 0.59, and variance inflation factors (VIF) of <10 suggested there 








Intercept 5.54955 <.0001 NA 0 
Nitrogen Application Rate (kg N/ha)2 0.000186 <.0001 0.302 1.16508 
Fertilizer Timing 3.2862 <.0001 0.140 1.08355 
Tillage 4.09706 0.0006 0.090 5.48348 
Tillage*Split-Nitrogen 2.25987 0.0123 0.031 1.86804 
Tillage*Annual Drainage Discharge (mm/yr) -0.01634 <.0001 0.028 4.48679 



























Table 2.6. Annual DRP concentration (both flow-weighted and arithmetic annual means) regression parameters (n=47). P-values significant at α=0.05, partial R2 is part of 








Intercept -0.47402 0.0043 NA 0 
Fertilizer Timing -3.24351 <.0001 0.600 1.0836 
Fertilizer Method of Application 2.65095 <.0001 0.226 1.2855 
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